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Abstract
Electrocardiographic Imaging (ECGI) aims to recon-
struct electrograms from the body surface potential mea-
surements. Bad leads are usually excluded from the in-
verse problem solution. Alternatively, interpolation can
be applied. This study explores how sensitive ECGI is to
different bad-lead configurations and interpolation meth-
ods. Experimental data from a Langendorff-perfused pig
heart suspended in a human-shaped torso-tank was used.
Epicardial electrograms were acquired during 30 s (31
beats) of RV pacing using a 108-electrode array, simul-
taneously with torso potentials from 128 electrodes em-
bedded in the tank surface. Six different bad lead cases
were designed based on clinical experience. Inverse prob-
lem was solved by applying Tikhonov regularization i) us-
ing the complete data, ii) bad-leads-removed data, and iii)
interpolated data, with 5 different methods. Our results
showed that ECGI accuracy of an interpolation method
highly depends on the location of the bad leads. If they
are in the high-potential-gradient regions of the torso, a
highly accurate interpolation method is needed to achieve
an ECGI accuracy close to using complete data. If the BSP
reconstruction of the interpolation method is poor in these
regions, the reconstructed electrograms also have lower
accuracy, suggesting that bad leads should be removed
instead of interpolated. The inverse-forward method was
found to be the best among all interpolation methods ap-
plied in this study in terms of both missing BSP lead re-
construction and ECGI accuracy, even for the bad leads
located over the chest.
1. Introduction
In electrocardiographic imaging (ECGI), the aim is
to reconstruct high-resolution images of cardiac electri-
cal activity from body surface potential (BSP) measure-
ments [1]. It is a promising tool for clinical applications
such as proposing regions of abnormal atrial or ventricular
activity before ablation procedures, providing information
on regions with ischemic or infarcted tissue, and revealing
conduction abnormalities [1]. Multi-electrode signal ac-
quisition systems are used with the number of electrodes
ranging from 32 to 219 in ECGI [2]. However, due to bro-
ken electrodes or simultaneously attaching other electrodes
such as defibrillation patches or CARTO leads on the body
surface, some ECG leads cannot be observed. These leads
are either excluded from the inverse reconstructions, or in-
terpolated based on remaining leads [3–6]. In their work,
Bear et al. compared the ECGI performance for removing
as opposed to reconstructing the missing leads using linear
interpolation [5]. The aim in this collaborative study is to
extend the work in [5], and compare the performances of
different interpolation techniques for 1) reconstructing the
missing ECG leads, 2) solving the inverse ECG problem,
for a variety of bad lead configurations.
Six different bad lead cases were designed based on clin-
ical experience, and bad leads were interpolated using 5
different interpolation methods. The inverse problem was
solved by applying Tikhonov regularization using the com-
plete data, bad leads removed data and interpolated data.
Results were evaluated qualitatively and quantitatively in
terms of interpolated ECG signals, reconstructed electro-
grams and the corresponding activation time maps.
2. Methods
Experimental data came from a Langendorff-perfused
pig heart suspended in a human-shaped torso-tank. Epicar-
dial electrograms were recorded during RV pacing using a
108-electrode array, simultaneously with ECGs from 128
electrodes embedded in the tank surface [7]. Data con-
sisted of 30 seconds of ECG recordings, with 31 beats.
Preprocessing was applied to the ECG signals to filter the
high frequency noise, 50 Hz line interference and baseline
drift noise.
Six different bad lead cases were designed based on clin-
ical experience: (BL1) Defibrillation patches - 1, (BL2)
Defibrillation patches - 2, (BL3) CARTO patches, on the
front and the back of torso, (BL4) Shoulders missing,
(BL5) Sides of the torso missing, and (BL6) Combination
of BL2-BL4, to represent a worst case scenario. In addi-
tion, one of the torso leads, which recorded a poor quality
signal, was included in all bad lead configurations.
Five different interpolation methods were used to re-
construct the missing leads: 1) Laplacian interpolation
(LAP) [6], 2) Inverse-distance square weighting (IDS) [8],
3) Kriging method (KRI) [9], 4) The inverse-forward
method (I-F) [3], 5) A hybrid method [10]. In the training
step of this hybrid method, first only the first beat (HYB1),
then the first 10 beats (HYB2), were used.
The forward problem relating epicardial data to
BSPMs was solved using the boundary element method
(BEM) [11] assuming a homogeneous volume between
the heart and torso surfaces. The inverse problem was
solved using Tikhonov regularization [12] for each beat in
the signal (31 beats). We obtained solutions by first us-
ing complete leads (Full), by removing bad leads (NoInt),
and finally by interpolating bad leads (LAP, IDS, KRI, I-F,
HYB1 and HYB2).
2.1. Results
Evaluation of Interpolated BSPs:
For each bad lead configuration, interpolated signals
were compared to the true recordings (except the one lead
with poor quality signal), in terms of correlation coefficient
(CC) and absolute-amplitude-difference.
CC values were obtained between the measured and in-
terpolated signals for each bad-lead configuration during
the QRS interval. Their median values were then calcu-
lated for each beat. For almost all interpolation methods
and bad-lead configurations, we obtained mean CC values
of 0.98-1.00, with the exception of the IDS method, which
had CC values of 0.93 and 0.97 for BL1 and BL2 config-
urations, respectively, indicating the morphologies of the
recorded signals are well-captured in the interpolated sig-
nals.
Next, absolute differences of peak-to-peak signal am-
plitudes were calculated between the measured and inter-
polated signals for each bad-lead configuration during the
QRS interval. The mean values of the median absolute-
amplitude-differences over all beats are presented in Fig-
ure 1. For the BL1 configuration, the highest values were
obtained for the Laplacian and the Hybrid approaches,
with a relative error (RE) of approximately 20 %, followed
by IDS, which had a RE of 15.88 %. KRI and I-F meth-
ods had the lowest amplitude differences, with RE values
of 6.56 % and 5.81 %, respectively. For BL2, Laplacian
and the Hybrid methods had RE values reduced to approx-
imately 5 % similar to that of KRI. RE value of the I-F
Figure 1. The mean values of the median absolute-
amplitude-differences for all bad-lead configurations and
interpolation methods.
method was the smallest, with a value of 3.96 %. On the
other hand, the RE value for the IDS method remained
high (16.69 %). For the BL3 configuration, for all inter-
polation methods except the IDS, amplitude differences
were small, with RE values less than 7 %, and as low as
2.86 % for the KRI method. IDS, on the other hand, had
the largest amplitude difference with a RE of 14.10 %. For
BL4, all methods had RE values less than 2 %, except the
I-F method, which yielded a RE of 6.95 %. For BL5, and
BL6, all RE values were below 10 % and 5 %, respec-
tively. These differences in the amplitudes indicate that
the interpolation methods may alter the amplitudes of the
signals, despite their high performances in capturing the
signal morphologies.
In figure 2, we show the frontal view of the body surface
potential maps of the recorded and interpolated signals,
for the BL3 configuration. The bad-leads were marked as
white dots on the torso surface. In this bad-lead configura-
tion, the missing leads were located close to the heart, in a
region of high-potential-gradient. The IDS method failed
to capture the local minimum on the torso surface, yielding
high signal amplitude errors. Laplacian, Hybrid and KRI
methods had better fidelity to the true distributions than
the IDS, but the details around the global minimum region
were best represented by the I-F method. These maps are
in agreement with the absolute-amplitude-differences and
the corresponding RE values presented earlier. We had
similar observations for the BSP maps for BL6.
Evaluation of Reconstructed EGMs:
The reconstructed electrograms (EGM) were evaluated
in terms of CC values with two different “gold-standard”
definitions. First, all reconstructions obtained by in-
cluding all measured leads and by removing/interpolating
bad leads were compared with the true sock recordings.
Figure 2. Sample body surface potential maps for the bad
lead configuration, BL3. Bad leads were marked as white
dots on the torso surface. Top left panel: true BSP record-
ings (ground truth); Remaining maps: Interpolated BSPs,
with labels on the top indicating the interpolation method.
Then, the reconstructions with the complete-lead record-
ings were assigned as the “gold standard” and EGMs ob-
tained by removing/interpolating bad leads were compared
to those reconstructions.
Figure 3 shows the mean CC values when the “gold stan-
dard” are the measured sock potentials. In BL1 and BL2,
all methods had mean CC values of 0.60-0.67, with the
lowest CC of 0.6 corresponding to removing bad leads in
BL1, and IDS in BL2. In BL3, we observed a significant
drop in the performance of IDS, with mean CC of 0.39,
which was followed by KRI, with mean CC of 0.50. I-F
method yielded a result comparable to using the complete
leadset, or removing broken leads, with a CC value of 0.63.
In BL4, all methods had similar performances, but the I-F
method had slightly larger mean CC values than the other
reconstructions. In BL5, all methods except the IDS per-
formed similarly, with mean CC values of 0.62-0.66. IDS
had the lowest mean CC of 0.59. BL6 results were similar
to the BL3 results, which is not surprising, since BL3 is
a subset of BL6. Again, the mean CC values of the IDS
method were the lowest of all reconstructions.
Figure 4 shows the mean CC values to compare remov-
ing versus interpolating bad leads, with the complete-lead
solutions as the “gold standard”. In BL1 and BL2, all in-
terpolation methods had mean CC values ranging between
0.96-0.99, where removing bad leads yielded mean CC of
0.99-1.00. In BL4 and BL5, where the bad leads are lo-
cated on the shoulders, and on the sides of the torso respec-
tively, there was no difference between the reconstructions
with removing or interpolating bad leads, all yielding mean
CC of 1.00. BL3 and BL6, on the other hand, which have
bad leads near the heart over the high-potential-gradient
region of the torso, displayed differences between the in-
terpolation methods. In both configurations, removing bad
leads resulted in mean CC of 0.99, whereas the interpo-
Figure 3. Mean CC values for all electrogram reconstruc-
tions when the “gold standard” are the measured sock po-
tentials.
Figure 4. Mean CC values for the electrogram reconstruc-
tions by removing or interpolating the missing leads, when
the “gold standard” are the reconstructions using the com-
plete leadset.
lated reconstructions had lower values. In BL3, the high-
est two mean CC values correspond to KRI (0.98) and I-F
(0.97), followed by LAP, HYB1 and HYB2 (0.96). In BL6,
the gaps between the CC values were higher, with mean
CC values of 0.92-0.94 for all methods except the IDS.
For both bad lead configurations BL3 and BL6, IDS had
the worst performance, with mean CC of 0.88 and 0.83,
respectively.
Evaluation of activation times:
Activation times (AT) were computed by the method
proposed in [13] for all inverse solutions, and compared
with the ATs obtained from the sock measurements us-
ing Pearson’s CC. Localization errors (LE) for the pac-
ing site were also calculated for all solutions. In BL3 and
BL4, where there are missing leads on the high-potential-
gradient torso regions, all methods had lower CC values
compared to removing bad leads. The drop in CC values
were within a range of 3.83-8.19 % in BL3, and 1.65-6.51
% in BL6, except for the IDS method. IDS was the worst
of all interpolation methods with CC value decreasing by
20 % in BL3 and 17 % in BL6. I-F and HYB1 had the
smallest LE values for BL3 and BL6, respectively, with
values approximately 12 % lower than removing bad leads.
IDS performed the worst among all methods, especially in
BL3 and BL6, where % increase in the LE values com-
pared to removing bad leads was as high as 34 %.
3. Discussion and Conclusion
Our results show that the effects of interpolation on
ECGI depends on the interpolation accuracy over the high-
potential-gradient regions of the torso surface, which usu-
ally lie on the torso front, close to the heart. If the fea-
tures of the BSP maps are well-reconstructed at the miss-
ing leads by the applied interpolation method, this in turn
results in EGM reconstructions similar to those obtained
by using complete leads. Otherwise, interpolation de-
teriorates the EGM reconstructions. This is mainly ob-
served in BL3, where some of the missing electrodes are
located directly over the heart surface, and BL6, which in-
cludes BL3. IDS method yielded BSP reconstructions with
the largest amplitude differences in these regions, which
in turn negatively effected its ECGI performance. I-F
method, which had the best performance for reconstructing
the BSP maps over these high-potential-gradient regions
also performed very well in terms of ECGI accuracy. If the
bad leads do not coincide with the high-potential-gradient
regions of the torso, as in BL4 (bad leads on the shoulders)
all interpolation methods performed equally well, and sim-
ilar to using complete leads, and removing the bad leads.
These results are in agreement with the observations of [?].
Even though we observed a decrease in the AT-CC values
of the interpolation methods compared to removing bad
leads, pacing site localization accuracy improved with in-
terpolation, with I-F and HYB1 outperforming the other
methods.
Interpolation of bad leads yields EGM reconstructions
as good as removing the bad leads, if the interpolation
accuracy is high in the high-potential-gradient regions of
the torso. If this accuracy cannot be guaranteed, bad leads
should be removed instead of interpolated. I-F method per-
forms the best among all interpolation methods applied in
this study.
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